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Abstract 
	[bookmark: _GoBack]
Aims: Assessment of the impact of granular insecticide application through manual and drone-based methods on soil microbial communities in rice ecosystems
Study design: Mention the design of the study here.
Place and Duration of Study: Main Farm, Agricultural Research Institute, Professor Jayashankar Telangana Agricultural University (PJTAU), Rajendranagar, Hyderabad during kharif 2024 (wet season. July-November).   
Methodology: A field experiment conducted during kharif 2024, evaluated the impact of granular insecticides applied using drone vis a vis manual method on the soil microbial communities in rice variety of RNR 15048. The treatments viz., carbofuran 3 CG (25 kg/ha), cartap hydrochloride 4G (20 kg/ha), chlorantraniliprole 0.4G (10 kg/ha), chlorantraniliprole 0.5% + thiamethoxam 1.0% GR (6 kg/ha), flubendiamide 0.70 GR (12.5 kg/ha) were applied twice at an interval of at 15-days, commencing 30 days post-transplantation. The study focused particularly on assessing the populations of key microbial groups, including bacteria actinomycetes and fungi. 
Results: These findings revealed that among all the treatments, chlorantraniliprole 0.5% + thiamethoxam 1.0% GR (T5 D and T10 M), carbofuran 3 CG (T1 D and T6 M), chlorantraniliprole 0.4G (T3 D and T8 M) applied via drone or manually, exhibited relatively higher microbial populations than the other treatments, which suggests that the mode of application, drone or manual, did not adversely affect the soil microbial communities. 
Conclusion: The findings indicate that drone based granular application does not hinder the soil microbial populations. Further, it enhances operational efficiency, reduces labour requirements, and enables effective pest management.
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1. INTRODUCTION
Rice is a major source of food for more than half of the world’s population. However, rice cultivation is usually vulnerable to a variety of pests and requires pesticides to help control them and improve yield (Abdullah et al., 1997; Tejada, 1995). Pesticide usage has become widespread to meet continuous rise in global food demand, especially protein-rich and high-quality food (Oliveira et al., 2014) and became an essential component in modern day agriculture. Asia accounts for more than 50% of the world's pesticide consumption, while China being the leading consumer in terms of volume. 
Although, pesticides play a crucial role in ensuring food security, their excessive and indiscriminate application has raised significant environmental and ecological concerns. A critical issue is their impact on soil health, particularly the soil microbiota, which forms the foundation of soil fertility and ecosystem sustainability. Scientific studies indicate that only about 0.1% of the total applied pesticide actually reaches the intended target pests. The remaining 99.9% is dispersed into the surrounding environment, with a large proportion settling in the soil. More than 95% of herbicides and 98% of insecticides, when sprayed over large areas, inadvertently affect non-target organisms, especially beneficial soil microorganisms (Lo, 1995; Meena et al., 2020)
Soil is a complex and dynamic ecosystem inhabited by a vast diversity of microorganisms, including bacteria, fungi, actinomycetes, and algae (Ghosal and Hati, 2016). These organisms play vital role in organic matter decomposition, nutrient mineralization, nitrogen fixation, and the degradation of xenobiotics (Zabaloy et al., 2008). The soil rhizosphere influenced by root exudates is particularly rich in microbial activity and acts as a key region for plant–microbe interactions. Any disturbance to this micro-ecosystem, such as through pesticide contamination, can lead to adverse effects on plant health and soil productivity. 
The impact of pesticides on soil microbes is not uniform. Some pesticides may stimulate the growth of specific microbial groups, while others have inhibitory or neutral effects, depending on their chemical structure, application rate, and soil conditions (Quazi et al., 2011). For instance, azotobacter species have been found to be less sensitive to certain insecticides compared to rhizobium, fungi and phosphate-solubilizing bacteria (Ghosal and Hati, 2016; Hemanth et al., 2021). These complex interactions highlight the need for careful risk assessment of pesticide applications, particularly regarding their influence on microbial diversity and activity. Compared to sprayable formulations, granular insecticides tend to have a more localized and prolonged impact on soil microorganisms due to their slow-release properties and direct soil application (sharma et al., 2020; Zabaloy et al., 2008; Madakka & Rangaswamy, 2009). Granules remain in the soil longer and can affect microbial diversity and enzymatic activity more significantly than sprays, which often disperse rapidly and degrade faster (Ghosal & Hati, 2016; Gianfreda & Rao, 2008).
With advancements in agricultural technology, new methods such as drone-based pesticide application are gaining popularity. Drones offer precision in spraying, minimizing the quantity of pesticides required and limiting exposure to non-target areas. However, the ecological impact of drone spraying, especially on soil microbiota, remains inadequately studied. Most conventional application methods, like power sprayers, result in uniform coverage across entire fields, regardless of pest infestation levels, thereby increasing the chances of environmental contamination (Borowik et al., 2021; Sreenath et al., 2024). The information on the impact of granular insecticide application using drone on soil microbiota is scanty.
Given this background, the present investigation was undertaken to evaluate the effects of granular pesticide application using drone versus manual application on the soil microbial community. The study focuses on changes in colony-forming units (CFUs) of bacteria and fungi before and after pesticide treatment. Understanding these effects is essential for developing environmentally sustainable agricultural practices that protect beneficial soil microorganisms, maintain soil fertility, and support long-term crop productivity. This research also contributes to the broader goal of integrating modern technology with ecological principles to promote sustainable agriculture in the face of increasing global food demands.
2. materialS and methods 
Experimental Design
This study assessed the impact of granular insecticides applied via manual broadcasting or unmanned aerial vehicle (UAV) on soil microbiota in a rice field at the Agricultural Research Institute, Rajendranagar, Telangana, India, during the 2024 wet season. The site is located at 17°32'18.48'' N latitude and 78°39'19.63'' E longitude, at an elevation of 542.6 meters above mean sea level (MSL). The experiment used a randomized block design with eleven treatments, each replicated three times (Table 1), and the rice cultivar Telangana Sona (RNR 15048). Each replication measured 500 m², and 28-day-old seedlings were transplanted at a spacing of 20 × 15 cm. 
Equipment and Application Parameters
The AGRICOPTER AG 365 UAV was employed for aerial dispersion of granular insecticides, utilizing a disc-type spreader. It operated on two 22,000 mAh Li-Po batteries, providing a flight duration of around 15 minutes when fully loaded. The drone maintained a flight speed of 5.0 meters per second at an altitude of 2.5 meters above crop canopy, covering an effective swath width of 8 meters, in line with the established standard operating procedures. Importantly, insecticides were applied without any carrier materials like sand in drone application. In contrast, manual broadcasting mixed insecticides with 20 kg of sand per acre to achieve uniform distribution.
Imposing of Treatments 
The granular insecticides (Table 1) approved by the Central Insecticides Board and Registration Committee (CIB&RC) for the management of rice pests such as yellow stem borer and leaf folder were used in the study. The first at 30 days after transplanting (DAT), and the second 15 days after the initial application, when pest incidence exceeded the economic threshold level (ETL).
Table. 1 Details of the treatments 
	Tr. No.
	Treatments
	Dosage
(kg / ha)

	T1D
	Carbofuran 3 CG @ 750g a.i
	25.0

	T2D
	Cartap hydrochloride 4G@ 750g a.i
	20.0

	T3D
	Chlorantraniliprole 0.4G @ 30g a.i
	10.0

	T4D
	Flubendiamide 00.70 GR 100g a.i 
	12.5

	T5D
	Chlorantraniliprole 0.5 + % Thiamethoxam 1.0% GR (30+60g a.i) 
	6.0

	T6M
	Carbofuran 3 CG @ 750g a.i
	25.0

	T7M
	Cartap hydrochloride 4G@ 750g a.i 
	20.0

	T8M
	Chlorantraniliprole 0.4G @ 30g a.i
	10.0

	T9M
	Flubendiamide 00.70 GR 100g a.i 
	12.5

	T10M
	Chlorantraniliprole 0.5 + % Thiamethoxam 1.0% GR (30+60g a.i)
	6.0

	T11
	Untreated check 
	-


(Note: D-Drone application and M-Manual application)
Sample Collection 
For soil microbiota analysis, three rhizosphere soil samples per each treatment were randomly collected i.e., before, seven and 14 days after first and second application of granular insecticides.
Isolation of Soil Microbiota 
Soil samples were collected before, 7 and 14 days of pesticides from first and second application and 1 month after second application (1MASA) at 3 different places from each treatment and they were mixed thoroughly to make a composite sample. From the composite sample 10 g of finely pulverized, air-dried soil was made for serial dilution and plate count method by Aneja (2003) for the isolation of fungi, bacteria, and actinomycetes from rhizosphere soil. Dilutions of 10-3 and 10-5 were used for isolation of fungi and actinomycetes, while dilutions of 10-7 was used for isolation of bacterial colonies. Then pour plate method was followed for microbial isolation where, 1 ml aliquots were transferred into 3 petri plates for each dilution for maintaining 3 replications and added 15 ml cooled nutrient agar, pseudomonas agar, ken knight’s medium and potato dextrose agar medium for isolation of bacteria, pseudomonas, actinomycetes and fungi respectively. Upon solidification of the media, plates were incubated in an inverted position at 25 ± 2°C for 3-4 days for fungi, 28 ± 2°C for 24-48 hours for bacteria / Pseudomonas, 28 ± 2°C for 10-15 days for isolation actinomycetes. After completion of incubation, the number of similar colonies was counted and sub-cultured to obtain pure cultures. The pure cultures of fungal colonies were obtained by single spore and single hyphal tip method whereas, only population counts were taken into consideration for enumeration of bacteria, pseudomonas and actinomycetes population.
Quantitative Assessment of Microbial Cultures 
Bacteria
The number of bacterial colonies that developed on the plates after an incubation period of 24–48 hours were counted using a digital colony counter (M/s. Labtronics, Haryana). The number of colonies per gram of sample was then calculated using the formula provided by Schmidt and Caldwell (1967):
                                                          Number of CFU × dilution factor
                  Bacteria / g of sample = 
                                                         The dry weight of 1gm moist soil × aliquot taken 

Fungi	
The number of fungal colonies that developed on the plates after a 4-day incubation period were referred to as colony-forming units (CFUs). The CFUs per gram of sample were calculated using the formula provided by Schmidt and Caldwell (1967):
                                                          Number of CFU × dilution factor
                  Fungi / g of sample = 
                                                     The dry weight of 1gm moist soil × aliquot taken
Statistical Analysis
The collected data were subjected to statistical analysis was performed using analysis of variance (ANOVA) appropriate for a randomized block design, facilitated by the OPSTAT online statistical analysis tool.

3. results and discussion
Bacteria and Pseudomonas
The present investigation was conducted to assess the influence of granular insecticide applications on the proliferation of bacterial communities, specifically total bacteria and Pseudomonas spp., in the rhizosphere soil of rice were presented in Table 2. Bacterial populations, expressed as colony-forming units (CFU × 10⁷ per gram of soil), were enumerated at multiple time points: one day before application (1 DBA), and at 7 and 14 days after granule application (DAGA) following both the first and second applications. Data pertaining to the treatments and their corresponding bacterial counts are presented in Table 2.
At one day before application, the treatment differences were non-significant, wherein the bacterial populations ranging from 109 to 130 CFU × 10⁷. However, following the insecticide applications, differential impacts on bacterial populations were evident, leading to significant variations among treatments. A marked reduction in bacterial counts was observed 7 and 14 days after first and second granule application (DAGA). The untreated check consistently maintained the highest bacterial populations throughout the experimental period (141, 157, 163 & 191 × 10⁷ CFU g⁻¹ soil). Among the treated plots of 7 DAGA, higher bacterial counts were observed in T1D- carbofuran 3 CG (87), closely followed by T6M - carbofuran 3 CG and T10M (86) and T5D (84) of chlorantraniliprole 0.5 + % thiamethoxam 1.0% GR. At 14 days after granule application (DAGA), highest population was recorded in T6M and T10M (64) followed by T1D (62) and T5D (58). The lowest bacterial populations were noted in T2D and T7M (43) of cartap hydrochloride 4G and T9M (42)-flubendiamide 00.70 GR. Following the second insecticide application, at 7 DAGA, T5D maintained a higher bacterial count (55) followed by T6M (52) and T10M (50). The lowest counts were observed in T4D and T9M (40) and T2D (39). At 14 DAGA after the second application, T5D and T10M recorded higher bacterial populations at 61 & 51 × 10⁷ CFU g⁻¹ soil, respectively. Interestingly, by one-month post-application, a substantial resurgence in bacterial populations was recorded across all treatments, ranged from 176 to 232 × 10⁷ CFU g⁻¹ soil.
A similar trend was observed for Pseudomonas spp. populations. Prior to insecticide application (1 DBA), populations ranged from 88 to 109 × 10⁷ CFU g⁻¹ soil, with no significant differences noted (Table 2). Post-application, a gradual decline in Pseudomonas populations was observed across treatments, irrespective of the application method. Notably, T11 exhibiting the highest population at 7 & 14 DAGA of first and second application (126, 139,144 &167 × 10⁷ CFU g⁻¹ soil). Among the treated plots, higher populations were observed in T10M (88), T5D and T6M (86), T1D (84), and T3D (81). At 14 DAGA, T5D (77), followed by T10M, T1D and T6M had 75, 73 and 71 × 10⁷ CFU g⁻¹ soil. Following the second insecticide application, at 7 DAGA, higher populations were maintained in T5D (69), T10M&T6M (67), T1D (65), T3D (63), T8M (60) and T7M (57). By 14 DAGA after the second application,
[bookmark: _Hlk201643399]Table.2 Effect of granular insecticides applied through drone vs manual application on bacterial population in the rhizosphere soil during kharif (Vanakalam), 2024	
	
Trt.No.
	
Treatmentparticulars
	Dosage (Kg/ha)
	Total bacteria
(CFUx107)g-1soil
	Pseudomonas
(CFUx107)g-1soil

	
	
	
	Samplingdays
	Samplingdays

	
	
	
	1DBA
	First application
	Second application
	
	1DBA
	First application
	Second application
	

	
	
	
	
	7 DAGA
	14 DAGA
	7 DAGA
	14 DAGA
	1 MASA
	
	7 DAGA
	14 DAGA
	7 DAGA
	14 DAGA
	1 MASA

	T1D
	Carbofuran 3 CG @ 750g a.i
	25.0
	125
	87b
	62b
	52bc
	41cd
	194de
	104
	84bc
	73bc
	65bc
	59bc
	190bc

	T2D
	Cartap hydrochloride 4G@ 750g a.i
	20.0
	118
	74e
	43e
	39f
	33e
	176g
	97
	76cd
	67bcd
	60bcd
	52bcd
	162d

	T3D
	Chlorantraniliprole 0.4G @ 30g a.i
	10.0
	120
	81cd
	49d
	46de
	39d
	206C
	99
	81bcd
	69bcd
	63bcd
	55bcd
	200b

	T4D
	Flubendiamide 00.70 GR 100g a.i
	12.5
	109
	71e
	48d
	40f
	33e
	190e
	88
	73d
	61d
	55d
	47d
	187bc

	T5D
	Chlorantraniliprole 0.5 %+ Thiamethoxam 1.0% GR (30+60g a.i)
	6.0
	121
	84bc
	58c
	55b
	45b
	215b
	100
	86bc
	77b
	69b
	61b
	206b

	T6M
	Carbofuran 3 CG @ 750g a.i
	25.0
	117
	86b
	64b
	52bc
	42bcd
	195bc
	96
	86bc
	71bcd
	67bc
	57bc
	174cd

	T7M
	Cartap hydrochloride 4G@ 750g a.i
	20.0
	121
	75e
	43e
	38f
	39d
	182f
	100
	79bcd
	60d
	57cd
	49cd
	168cd

	T8M
	Chlorantraniliprole 0.4G @ 30g a.i
	10.0
	128
	79d
	46de
	45e
	40cd
	199de
	107
	79bcd
	68bcd
	60bcd
	52bcd
	194bc

	T9M
	Flubendiamide 00.70 GR 100g a.i
	12.5
	115
	72e
	42e
	40f
	34e
	185ef
	94
	72d
	62cd
	54d
	45d
	176c

	T10M
	Chlorantraniliprole 0.5 + % Thiamethoxam 1.0% GR (30+60g a.i)
	6.0
	121
	86b
	64b
	50cd
	43bc
	210b
	100
	88b
	75b
	67bc
	59bc
	193bc

	T11
	Untreated check
	-
	130
	141a
	157a
	163a
	191a
	232a
	109
	126a
	139a
	144a
	167a
	227a

	SE(m)
	NS
	1.18
	1.32
	1.37
	1.03
	2.10
	NS
	3.05
	3.55
	3.32
	3.27
	4.50

	C.D.
	
	3.51
	3.90
	4.05
	3.04
	5.26
	
	9.02
	10.48
	9.80
	9.69
	11.26

	C.V.
	
	2.42
	3.72
	4.23
	3.38
	4.25
	
	4.68
	4.22
	2.25
	3.08
	3.57

	Alphabets represent the DMRT analysis; DAGA= days after granule application, D= Drone application; M= Manual application;NS: Non-significant.





 highest microbial count in T5D (61), T10M& T1D (59), T6M (57), T3D and T8M (55&52) of chlorantraniliprole 0.4G. Treatments T5D, T1D, and T3D (drone-applied chlorantraniliprole 0.5% + thiamethoxam 1.0% GR, carbofuran 3CG, and chlorantraniliprole 0.4G, respectively), along with T10M, T6M, and T8M (manual applications of the same), exhibited relatively higher population levels but were significantly different from untreated check. By one month after the second application (1MAsA), Pseudomonas populations had notably recovered across all the insecticide treatments and ranged from 162 to 227 × 10⁷ CFU g⁻¹ soil.
The findings of the current study indicated that the microbial count decreased in insecticidal treatments at 7 and 14 days of first and second application, but rebounded one month after application. According to Bacmaga et al. (2012), the presence of xenobiotics in soil poses a threat to organisms which inhabit it, mainly the soil microorganisms. Rahman et al. (2021) observed that excessive use of these agrochemicals in paddy soils adversely affected nitrifying, denitrifying, and anammox bacteria. Similarly, Endo et al. (1982) reported a decline in microbial populations following high-concentration applications of cartap hydrochloride. Goshal and Kundu (2021) found that insecticides negatively impact soil microbes, with cartap hydrochloride being notably more toxic to bacterial communities, while rynaxypyr and carbofuran exhibited least toxicity and the population count of total bacteria increased 21 days after treatment. Earlier studies by Hang et al. (2001) and Shahi et al. (2007) documented the utilization of insecticides by soil bacteria and the associated negative impacts. Long et al. (2006) and Ghosal et al. (2018) also reported reductions in soil bacterial populations following insecticide applications. In contrast, Kennedy et al. (1999) noted that carbofuran application at a field dose of 0.5 kg a.i. ha⁻¹ did not significantly affect bacterial populations. Nimbalkar et al. (1989) observed that granular systemic insecticides like phorate, disulfoton, aldicarb, and carbofuran suppressed bacterial growth.  Hemanth et al. (2021) reported no significant inhibitory effects on bacterial populations when chlorantraniliprole and cartap hydrochloride were applied at recommended and double recommended doses. Das et al. (2003) and Bhagabati and Sarma (2011) found that carbofuran at both normal (9 kg/acre) and high (12 kg/acre) doses adversely affect bacterial growth. Peprah et al. (2025) reported decreased abundance of Bacillus sp. and Pseudomonas sp. in pesticide-contaminated soils. Thiamethoxam treatment significantly affected soil bacterial abundance, reduced microbial diversity, and changed the bacterial community structure in the short term (Wu et al., 2021). Zhou et al. (2012) highlighted those higher concentrations of carbofuran and butachlor significantly inhibited populations and activities of soil methane-producing bacteria, anti-nitrifying bacteria, nitrogen-fixing bacteria, and sulfate-reducing bacteria in purple paddy rice soils. Collectively, these studies underscore the complex and varying impacts of different insecticides on soil microbial dynamics, emphasizing the need for judicious use of agrochemicals to preserve soil health.

Actinomycetes and fungi
The data of actinomycetes and fungi in soil samples collected from experimental area was presented in Table 3. The population of actinomycetes at one day before application (1 DBA) ranged from 99 to 123 CFU × 10⁴, with no significant differences observed among the treatments, indicating uniform baseline levels. Seven days

[bookmark: _Hlk201643455]Table 3 Effect of granular insecticides applied through drone vs manual application on actinomycetes and fungi in the rhizosphere soil during kharif (Vanakalam), 2024
	[bookmark: _Hlk200748645]
Trt.No.
	
Treatmentparticulars
	Dosage (Kg/ha)
	Total actinomycetes
(CFUx104)g-1soil
	Fungi
(CFUx106)g-1soil

	
	
	
	Samplingdays
	Samplingdays

	
	
	
	1DBA
	First application
	Second application
	
	1DBA
	First application
	Second application
	

	
	
	
	
	7 DAGA
	14 DAGA
	7 DAGA
	14 DAGA
	1 MAA
	
	7 DAGA
	14 DAGA
	7 DAGA
	14 DAGA
	1 MAA

	T1D
	Carbofuran 3 CG @ 750g a.i
	25.0
	123
	87bc
	74b
	49b
	41b
	189bcd
	18
	13c
	9d
	6de
	5d
	22abc

	T2D
	Cartap hydrochloride 4G@ 750g a.i
	20.0
	119
	79de
	69bcd
	39cde
	33b
	173cde
	16
	9fg
	7f
	5ef
	3f
	18ef

	T3D
	Chlorantraniliprole 0.4G @ 30g a.i
	10.0
	116
	81cd
	70bcd
	47bc
	35b
	192bc
	15
	12cd
	9d
	7cd
	6c
	21bcd

	T4D
	Flubendiamide 00.70 GR 100g a.i
	12.5
	107
	71f
	56e
	37e
	33b
	169de
	16
	8g
	8e
	4f
	4e
	20cde

	T5D
	Chlorantraniliprole 0.5 %+ Thiamethoxam 1.0% GR (30+60g a.i)
	6.0
	120
	89b
	75b
	50b
	45b
	201b
	18
	15b
	12b
	9b
	7b
	23ab

	T6M
	Carbofuran 3 CG @ 750g a.i
	25.0
	109
	85bcd
	72bc
	46bcd
	42b
	184bcde
	16
	12cd
	10c
	6de
	5d
	20cde

	T7M
	Cartap hydrochloride 4G@ 750g a.i
	20.0
	119
	78def
	61cde
	38de
	32b
	165e
	17
	9fg
	8e
	6de
	4e
	17f

	T8M
	Chlorantraniliprole 0.4G @ 30g a.i
	10.0
	106
	79de
	65bcde
	42bcde
	36b
	188bcd
	18
	11de
	10c
	6de
	5d
	19def

	T9M
	Flubendiamide 00.70 GR 100g a.i
	12.5
	99
	73ef
	59de
	35e
	34b
	173cde
	19
	10ef
	8e
	4f
	3f
	20cde

	T10M
	Chlorantraniliprole 0.5 + % Thiamethoxam 1.0% GR (30+60g a.i)
	6.0
	115
	84bcd
	73bc
	48b
	40b
	198b
	18
	13c
	10c
	8bc
	7b
	23ab

	T11
	Untreated check
	-
	123
	152a
	163a
	193a
	191a
	259a
	19
	21a
	23a
	23a
	25a
	24a

	SE(m)
	NS
	2.30
	3.73
	2.64
	4.36
	6.15
	NS
	0.54
	0.28
	0.50
	0.20
	0.78

	C.D.
	
	6.84
	11.09
	7.83
	12.96
	18.26
	
	1.61
	0.82
	1.47
	0.59
	2.32

	C.V.
	
	4.58
	8.50
	8.05
	14.79
	5.60
	
	7.76
	4.60
	11.22
	5.08
	6.54

	Alphabets represent the DMRT analysis; DAGA= days after granule application, D= Drone application; M= Manual application;NS: Non-significant.





after the first application (7 days after granule application, DAGA), the untreated check (T11) exhibited highest actinomycetes population at 7&14 DAGA during both 1st and 2nd applications (152, 163, 193 and 226 × 10⁴ CFU g⁻¹ soil, respectively). Among the treated plots, higher actinomycetes counts were observed in treatments T5D (89), T1D (87), T6M (85), and T10M (84). At 14 DAGA, T5D (75), T1D&T10M (74&73) followed by T6M&T3D (72&70). Following the second insecticide application, at 7 DAGA, higher actinomycete counts were maintained in T5D (50), T10M and T1D (49&48) followed by T3D and T6M (47&46). By 14 DAGA after the second application, with better populations observed in T5D (45), T6M (42), T1D (41) and T10M (40). 
These findings suggest that the untreated check (T11) has consistently maintained the highest actinomycetes population throughout the study period. Among the insecticide-treated plots, treatments such as T5D, T6M, T10M, T3D and T8M demonstrated relatively higher actinomycete counts, indicating a lesser impact on this beneficial soil microbial community. Microbial populations showed signs of recovery one month after the second application (1 MASA), range between 165 to 259 CFU × 10⁴.  These observations are consistent with the findings of Goshal and Kundu (2021), who reported a decline in microbial populations in all treated plots at 7 and 14 days after insecticide application, compared to pre-treatment levels. Among the treatments, Rynaxypyr supported the highest actinomycetes population (139.33 CFU), followed by chlorpyrifos, cartap hydrochloride, phorate, carbofuran, and fipronil. At 21 days after application, cartap hydrochloride-treated plots recorded the highest actinomycetes count (105.0 CFU), whereas the lowest count (57.5 CFU) was observed in plots treated with fipronil; the untreated control recorded a population of 96.0 CFU. Similarly, Bakalivanov (1989) reported adverse effects of insecticides on pure cultures of actinomycetes. Furthermore, a substantial decline in actinomycetes population was observed, reaching as low as 8 CFU at 15 days post-application, particularly following the application of high doses of carbofuran, indicating its toxicity to microbial communities. However, the actinomycetes population gradually recovered and returned to baseline levels by 30 days post-treatment (Bhagabati and Sarma, 2011) and insecticides such as phorate and carbofuran also have been reported to promote the growth of actinomycetes, suggesting a potential stimulatory effect on specific microbial populations (Das et al., 2003).
Fungi
The impact of granular insecticide applications on soil fungal populations are presented in Table 3. Prior to insecticide application (1 day before granule application, DBGA), fungal counts ranged from 15 to 21 × 10⁶ CFU g⁻¹ soil, with the untreated check treatment (T11) exhibiting the highest fungal population throughout the observations i.e., 21, 23, 23, 24 during 7 & 14 DAGA during both first and second application of granular insecticides. Among the insecticides, higher fungal counts were observed in T5D (15), T10M (13) and T6M and T3D (each at 12), seven days after the first application. At 14 DAGA, higher populations seen in T5D, T10M, T3D, and T6M (12, 10, 9 and 9 × 10⁶ CFU g⁻¹ soil). Following the second insecticide application, at 7 DAGA, T5D, T10M, T3D, T1D and T6M (9, 8, 7, 6 and 6 × 10⁶ CFU g⁻¹ soil). By 14 DAGA after the second application, better populations observed in T5D and T10M (each at 7 × 10⁶ CFU g⁻¹ soil) and T3D T6M, T1D and T8M (6, 5, 5 and 5× 10⁶ CFU g⁻¹ soil). By one month after (1 MASA) the second application, fungal count was notably recovered across all insecticide treatments ranged from 17 to 24 × 10⁶ CFU g⁻¹ soil
These findings suggest that the untreated check treatment (T11) consistently maintained the highest fungal populations throughout the study period. In the present investigation, carbofuran and chlorantraniliprole less effect on fungal population. Similar result was reported by Goshal and kundu 2021, reported that the data recorded at 7 d after application of insecticides showed that carbofuran treated plots recorded the highest fungal count (90.66) followed by rynaxypyr (78.66), chloropyrifos (34.0), cartap hydrochloride (31.66), phorate (24.0) and fipronil (17.34). Similarly, at 14 days after application of insecticides, rynaxypyr recorded the highest CFU count (34.00) and at 21 d after application of insecticides, an overall increase in CFU count was observed in all the treatments. Anderson and Domsch (1978) who concluded that soil fungi were not as susceptible to insecticides as they were to fungicides. The fungi population in general decreased due to the application of different test insecticides in soil but the population started to recover after 21 d of application. It may probably be due to the possible usage of the metabolites of insecticides for their growth. It was revealed that the proliferation of fungal propagules significantly decreased up to 14 d after application of insecticides. Nimbalkar et al. (1989); Das et al., (2003); Chu (2010) and Bhagabati and Sarma, 2011 concluded that carbofuran stimulated the population of fungi, azospirillum and other anaerobic N-fixers in flooded and non-flooded soils. Nimbalkar et al. (1989) reported that application of granular systemic insecticides suppressed the growth of fungi in cotton soil. Hemanth et al., 2021 reported that application of chlorantraniliprole and cartap hydrochloride at both recommended dose and double recommended dose had no significant inhibitory effect on the fungal population. Chlorantraniliprole applied at recommended dose was found to be safe for soil fungi. The findings of Yu et al. (2020); Zhang et al. (2015) with application of neonicotinoids at recommended rates to soil increased the activity of microbes and high application rates decreased the community diversity. Karnatak et al. (2007) reported that the application of cartap hydrochloride singly in rice ecosystem resulted in increase of fungal populations during the study period.  Thankam et al. (2021) indicated that organisms exhibit sensitivity to chlorantraniliprole. Suresh and George found that soil application of chlorantraniliprole (Ferterra 0.4 GR) had a more significant effect on soil microbes than foliar application (Coragen 18.5 SC) in rice. Untreated check plots consistently showed higher microbial activity compared to treated plots, indicating a reduction in microbial activity during exposure; however, microbial activity recovered 60 days after the last application. 
Furthermore, Sreenath et al. (2023) demonstrated that drone spraying resulted in higher average populations of total bacteria, Pseudomonas, actinomycetes, and fungi compared to conventional power sprayers and the microbial count was increased 1 month after application. In the present investigation, soil microbiota populations were slightly higher with drone application in some treatments, although no significant differences were observed between the two application methods. Considering factors such as applicator safety, time efficiency, and pest management efficacy, drone technology holds considerable potential for future agricultural practices.
4. Conclusions
Pesticides remain essential for pest management, but their environmental implications, particularly on soil health, requires careful consideration. Drone technology for pesticide application offers a promising solution to mitigate adverse environmental impacts while maintaining effective pest untreated check. The method of application significantly exerts environmental impact, with drone-based application proving as effective as manual methods in keeping the pest under check. Drone application also enhances applicator safety and saves time. Our study confirms that insecticides can alter microbial populations, with chlorantraniliprole and thiamethoxam, as well as carbofuran and chlorantraniliprole, exhibiting minimal effects via both drone and manual application. Drone technology demonstrates equal performance compared to manual application, highlighting its potential for future agricultural practices due to its benefits in safety, efficiency, and efficacy. 
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